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! INTRODUCTION

The concept of accelerating particles with a parallel rail, electromagnetic
launcher has heen known for many vyears. Basic equations of motion (mv =
1/2 L'12) show that high currents are required for high velocities. These high
currents produce high pressures which must be withstood by the launch struc-
ture, [f launcher barrels are to be designed for high velocity applications, the
modeling of containment structures has to be performed in the presence of large

magnetic fields.

Capacitors are a common energy store for pulsed power applications. Because
of the rapid discharge rate of the capacitor, it has to be connected to an
inductor to provide power conditioning., A coaxial pulse transformer provides the
appropriate current output and substantially reduces the external magnetic field
associated with pulsed coils.

There are five 50 kilojoule (100 KA) Maxwell capacitor banks at the Armament
Research and Development Center (ARDC). By connecting a five-turn pulse trans-
former to each bank, currents on the order of 2 megamperes can be generated to
electromagnetically stress barrel test sections to twice their rated pressure (10
Kbar).

In order to model the various subcomponents (pulse transformer, barrels,
breech plates), a small scale capacitor bank was built. This pulsed power supply
was used in connection with a model pulse transformer to conduct tests to verify
the pulse transformer model.

DISCUSSION

The load switch used in the completed power supply (fig. 1) was an Inter-
national Rectifier 151RA100. A plot of the silicon controlled rectifier (SCR)
fuzing current versus pulse width is shown in figure A-1 of the appendix. The
maximum dI/dt rating is 3xI0” amperes per second. The fast rise time gate pulse
which the SCR requires at this level was accomplished with a 555-timer circuit
(fig. A-2). A 12 volt, I15-microsecond pulse is delivered to a Darlington pair
where a 1:2 pulse transformer supplies approximately 10 watts of power to the SCR
gate, This 555-output pulse 1is also optically coupled to another 555 circuit
which stretches the pulse width and establishes a reliable, isolated scope
trigger (fig. A-3). The 1306-microfarad storage capacitor is charged from a high
voltage power supply through a relay. A 120-VAC relay (Radio Shack 275-003) was
found to open and close reliably up to 800 VDC. Once the pulse button is pushed,
there is a 3-second delay before the gate pulse is initiated to the SCR.

The output buss is a parallel plate type for low inductance. A crowbar
diode (250 A, 1 KV) was placed across the capacitor to prevent voltage reversal.
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Pulse Transformer

The model transformer was built from off-the-shelf laboratory materials. The
primary winding was made from no. 6 gage stranded copper wire; the secondary
winding, from 3/8-inch outer diameter copper water tubing; and the connection
bars, from 2-inch by 3/4~inch copper stock. The tubing was bent on a wooden form
and soldered to the connection bars, resulting in a mean radius (r) of 12
inches. The primary cable was then pulled through the secondary tubing. The
insulator between the connection bars was made from 0.035-inch phenolic. The
connection bars were clamped together with 3/8-inch phenolic strips, and plexi-
glass spacers were used to keep an even distance between windings. The assembled
model and circuit diagram are shown in figure 2.

Theoretical Model
Writing the derivative of the energy equation 1in an LRC circuit, we get
4oz 2+ /2L, 1,2) + 2 [B2/2u dv + =2 (172 2/70) +
dt 1A 2 %2 dt dt

112 R1+122 R, =0 (1)

The subscripts denote primary “1" and secondary "2" side parameters; the term
involving fBz/Zu dv accounts for the inductance of the transformer where u is
taken to be the permeability of a vacuum. The primary winding resistance can be
included in the Rl term. In this analysis the power dissipated in the secondary
has been neglected. The geometry for the pulse transformer is shown in figure A-
4 where the uniform current density in the primary and flux exclusion in the

secondary tubing (i.e., a thin current sheet) is assumed.

The B field in the primary winding is found from ﬁB-dl = ﬁJ-da. For 0<¢<a,
J is uniform and equal to I/waz. Integrating J over the surface w2, results in
B = ult/2ma2. Therefore, B2/2u = 12£2u/8w2a%. 1In the region a<g<b, B = ul/2n%
and BZ/2u = 12u/n28£2. Integrating the magnetic pressure for the two regions
over the volume element (2nr) (2wg) (df), the total stored magnetic energy per

turn of the coaxial pulse transformer as 12ur {0.25 + In(b/a)}/2 is obtained.
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The inductance due to the output connectlion bars (of height, h, and separa-
tion, W) can bhe calculated by use of a thin current sheet approximation., The
inductance gradient for this geometry is given* as

u
PR I Y 2 12 2 . -1 .
Lh == [2 In(aé + 1) 5 @ In (1/a% + 1) + 2a tan (1/a)] ;

where o = W/h. Since each secondary tube contributes a current I,, the total
output current (I, = NIl) is obtained after the Nth winding. The magnetic energy
can be expressed as

N-1

0.5 L~
( L~ X)

[ e I |

(Ixn)z

n=}

where X is the winding spacing of the secondary tubes, The inductance after the
N-1 turn is included in the load term (NZLZ).

Expanding equation 1 we get

N-1
LlIlil + N2L211i1 + NuIl I r [0.25 + In(b/a)] + Lb[1i1 I (a2) +
n=}
QI,/C + LI;%R, + N21,%R, = 0
whe!‘e Iz = NII'
The following equation is obtained by simplifying terms:
L4 L] A L4 N—l
LIII + N2L211 + NUIII' [0.25 + ln(b/a)] + IlLb z (nz) + Q/C + IlRl +
n=]
}];Z 1 1 R 2 =0
Combining terms and again taking the derivative
N-1 - .
[L) + MLy + MK+ L & (n)] I, + (R + N%Ry) T; + I,/C =0
=1
L
-4
-]
.~:1
-
=
* J. A. Bennett, "“Some notes on the Calculation of Railgun Inductance,” o
Information Report ASD 10-82, June 1979. -
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where NK = Nur [0.25 + ln(b/a)] is the total inductance of the pulse transformer .
referred to the primary side. Solving the differential equation for the under-
damped case

I1,(t) = (Vc/wL) EXP(-R t/2 L) sin (w t)

where
N-1
L =L1+N2L2+NK+Lb £ (n?)
n-1
R = Rl + N2R2
Vc = initial capacitor voltage and
v =/11c - (R/2 L2

In this analysis we have assumed that the times of interest are short; the B
field for £>b is set equal to zero. In other words, the transient skin depth
(/nt/po) is considered much less than the thickness of the secondary tubing.

Experiments
Description

There were two sets of tests performed: where the time-to-peak current
was 100 microseconds, and another where it was 70 microseconds.

Because the secondary tubing is thin (0.035 in.), it is understood that
this is not an optimum design (number of turns equal to the current multiplica-
tion factor). However, if the times-to-peak current are short enough, the model
can be corroborated.

For the first set of tests the load was inductive. [Impedance measure-
ments of the following elements (table ]) were taken with a Hewlett Packard LRC
bridge (model 4274A): (1) leads to the pulse transformer, (2) input of the pulse
transformer with the load coil, and (3) load coil. The diagnostics consisted of
measuring the capacitor vo}tage, primary voltage at the pulse transformer input,
primary 1,, and secondary [,. [Initial capacitor voltages were in the range of
200 to 450 volts, Six tests were performed with each yielding similar wave-
forms, A typical test discharge with the load coil connected is shown in figure
3.

The second set of tests involved the use of a lo-mil-thick copper zirco-
nfum fofl as the load (short circuit) and shortening the leads to the pulse
transtormer, [
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The inductance and resistance at the pulse transformer input were mea-
sured at various frequencies using the LRC bridge. These values (fijg. 4) were
obtained with the secondary shorted. The diagnostics consisted of measuring the
primary voltage at ihe pulse transformeg input, the primary ilr the wvoltase
across the foil short, and the secondary T,. The voltage across the short was
measured using a coaxial type probe (fig. A~5). The Rogowski coils had a rise
time of 10 microseconds.

Because of the lower input inductance (shorted secondary), the capacitor
voltage was kept below a level of 300 volts so as not to exceced the d1/dt rating
of the SCR, A typical test discharge is shown in figure 5.

Results

The six discharge tests with the load coil conqected produced current
rise times of 100 microseconds. Using the voltage and I, waveforms along with
the impedance bridge measurements in table 1 (at a frequency of 2.5 kHz), the
i 1al inductance and resistance of the capacitor bank were found to be 0.44
micrunenries and 36 milliohms, respectively. These values are due to the SCR.
Time-averaged values of the input inductance and resistance of the pulse trans-
former with the load coil attached were found to be 4.25 microhenries and 23.36
millinhms. Under these load conditions, the bridge measurements at 2.5 kHz were
4.33 microhenries and 24.2 milliohms, respectively. The error between the data
analysis and the bridge measurements is 1.87% for the inductance and 3.47% for the
resistance.

The second set of tests used a 10-mil-thick copper zirconium foil as the
load. This provided the inductance and resistance of the transformer since
N L(foil) and N R(foil) were assumed to be much less than the short circuit

inductance and resistance of the pulse transformer measured with the LRC bridge
(fig. 4). The voltage and I, waveforms yielded the pulse transformer inductance
and resistance which are plotted as a function of time (fig. 6). The ratio of
currents (12/11), equal to the turns ratio (N), is plotted as a function of time
for the two load conditions tested (fig. 7).

RESULTS

A primary current-rise time of 70 microseconds yielded an effective time-
averaged turns ratio of 3.75, while the 100-microsecond rise time yielded an
effective time-averaged turns ratio of 3.0, A current multiplication factor (N)
less than 4 is obtained solely due to the magnetic field diffusing out of the
secondary tubing.

The inductance and resistance of the pulse transformer behave as expected.

For short times (t < 20 microseconds), the value of the inductance is close to
the model prediction: 1.72 microhenries measured from data; 1.66 microhenries -
1
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measured at 100 kHz with the LRC bridge, and 1.93 microhenries calculated. The
resistance is initially high because of the small area of current penetration.
As time progresses, current diffuses into conductors, and the resistance
approaches a constant value, The 1inductance 1increases because fBZ/2u dv
increases.

CONCLUSIONS

It is possible to determine secondary load currents for pulse power applica-
tions from the basic model for the pulse transformer. For the LRC circuit con-
sidered, the dominant circuit parameter is the inductance term. Therefore, if
greater accuracy is needed, the diffusion problem can be solved to include the
power dissipated in the secondary ([J2/odv).

Currently, ARDC and the University of Texas at Austin are building five,
five turn, high-current pulse transformers to be used in conjunction with the
five ARDC Maxwell banks. In this design, the secondary is made from 1/4-inch-
walled aluminum pipe (schedule 80). Each of the five new transformers is
expected to yield an effective turns ratio of 5.
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1. Impedance measurements

Inductance
(microhenries)

Leads

0.602
0.582
0.542

Load Coil
0.185

0.179
0.175

Pulse Transformer Input
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5.38
4.76
4.51
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Resistance
(milliohms)

25.42
32.7
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Figure A-1. Maximum SCR load current versus current pulse width
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Figure 2. Pulse transformer and equivalent circuit
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